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Chemical modification, such as intercalation or doping of novel materials is of great importance
for exploratory material science and applications in various fields of physics and chemistry. In the
present work, we report the systematic intercalation of chemically exfoliated few-layer graphene with
potassium while monitoring the sample resistance using microwave conductivity. We find that the
conductivity of the samples increases by about an order of magnitude upon potassium exposure. The
increased of number of charge carriers deduced from the ESR intensity also reflects this increment.
The doped phases exhibit two asymmetric Dysonian lines in ESR, a usual sign of the presence
of mobile charge carriers. The width of the broader component increases with the doping steps,
however, the narrow components seem to have a constant line width.
I. INTRODUCTION
Several allotropes of carbon are well-known electron
acceptor materials. The charge doping can be conve-
niently performed with the help of alkali and alkali earth
metal atoms when these are brought into contact with
the carbon. A good example of alkali doping of the
zero dimensional carbon allotrope, fullerenes1, results
in superconductivity2–4 with a record Tc of 29 K for
Rb3C60
5. Besides, alkali doped fullerenes form conduct-
ing polymers (e.g. KC60
6–8) with a density-wave corre-
lated ground state. Alkali and alkali earth atom doped
graphite9 also give rise to superconductivity with the
record Tc of 11.5 K for CaC6
10,11. Similarly, alkali atom
doped SWCNTs12 are compelling as these allowed the
observation of a dimensional crossover from a 1D corre-
lated metal, a so-called Tomonaga–Luttinger liquid13 to
a Fermi liquid14.
Graphene15, the latest addition to the family of elec-
tron acceptor allotropes of carbon, can be also well doped
with alkali atoms including Li, K, Rb16–19. We recently
reported the successful synthesis of Na doped graphene20,
which is surprising as Na does not intercalate the host
compound, graphite to lower stages21,22.
Besides the discovery of several fundamentally interest-
ing and compelling phases, the technological importance
of alkali atom doped carbon is unquestionable, as shown
by e.g. the ubiquitous use of lithium batteries for whose
development the Nobel prize in chemistry in 2019 was
awarded.
The starting step of the intercalation has often been
a gradual exposure to the vapor of the heavier alkali
atoms (K, Rb, and Cs), especially when the stoichio-
metric content of the alkali/carbon ratio was unknown
while monitoring the DC resistance of the respective
materials2,3,23,24. For graphene, measurement of DC re-
sistance could be performed for small, individual flakes,
however this method is clearly impractical for the study
of the bulk form of graphene, after chemical exfoliation.
Here, we report the systematic intercalation of chem-
ically exfoliated graphene with potassium while moni-
toring the sample resistance using microwave conductiv-
ity, which is a contactless transport method and is read-
ily applicable for air-sensitive, porous materials, where
the conventional contact methods are not possible. We
find that the conductivity of the samples increases by
about an order of magnitude upon potassium interca-
lation. The increased number of charge carriers is de-
duced from the ESR intensity, which is also enlarged by
the same amount, compared to the first doping step. In
ESR two asymmetric Dysonian signals are found denot-
ing metallicity. The width of the broader component
grows with the doping steps, however, the narrow com-
ponents seem to have a constant line width.
II. METHODS AND SAMPLE PREPARATION
Few-layer graphene samples were prepared from
saturation potassium-doped spherical graphite powder
(SGN18, Future Carbon) using DMSO solvent for the wet
chemical exfoliation as described elsewhere25–27. Chemi-
cal exfoliation was finalized using ultrasound tip sonica-
tion, as it is known to produce the best quality28,29. The
properties of the starting material are well characterized
by atomic force microscopy and Raman spectroscopy,
which revealed that restacked few-layer graphene is also
present in the sample29. The dominant portion (90%) of
the material consists of 5 layers or less, including mono-
layer content. Prior to in situ measurements, the un-
doped FLG was heated to 400 ◦C for 30 minutes in high
vacuum (2×10−6 mbar) to remove any residual solvents.
It was shown previously in Refs.28 and29 that this does
not affect the morphology of the starting FLG.
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2Afterwards, the FLG material was placed in one end
of a quartz tube, which is narrowed down in the middle.
In the other end excess amount of potassium is placed
(Aldrich MKBL0124V 99.9+% purity). The geometry
is similar to the one used in the two-zone vapor phase
intercalation technique9. The ampoule is sealed under
high vacuum (2× 10−6 mbar). Afterwards, it is inserted
into the microwave conductivity measurement setup (de-
scribed later), where the in situ intercalation takes place.
The process is driven by the thermal and chemical poten-
tial gradient present between the two ends of the sealed
ampoule. Two samples were investigated with the tech-
nique, one with slow intercalation steps, and one where
the intercalation carried out in a more rapid manner.
These samples are referred to as ”in situ #1” and ”in
situ #2”. In the ”in situ #1” cycle, the sample was
heated to 200 ◦C then cooled down instantly in the first
5 steps. In the latter steps, the sample was kept at 200 ◦C
for 30 minutes, then cooled down to room temperature.
Each point of the first 7 steps consists of an average of 64
rapid frequency sweep experiments. After the 7th step,
the number of averages was increased to 256 to elimi-
nate the higher noise arising from lower Q-factors, hence
the overall signal-to-noise ratio is increased. In the case
of ”in situ #2” all the steps followed the latter protocol
thus the doping proceeded faster, more aggressively. The
conductivity of the samples was monitored continuously.
The sample labeled as ”furnace” was intercalated in a
furnace. The center of the furnace was heated to 250 ◦C,
where the potassium was located. Here, each interca-
lation step took 30 minutes. After each step, for every
sample, an ESR measurement was performed to monitor
the amount of conducting electrons in the system.
Due to lack of substrate, significant restacking of indi-
vidual graphene flakes occurs, leading to misaligned lay-
ers in the sample. The powder sample consists of sponge-
like structures, as thermodynamic equilibrium is achieved
to create a three-dimensional solid material.
Microwave conductivity measurements were performed
with the cavity perturbation technique30,31 in a custom-
built high-temperature setup. The method is proven
to give meaningful information about the conductivity
of porous and air-sensitive samples32 and well suited to
study in situ changes. The used copper cavity has an un-
loaded quality factor of Q0 = 10, 000 and a resonance fre-
quency, f0 ≈ 10.2 GHz, whose temperature dependence
is taken into account. The samples were placed in the
node of the microwave electric field and maximum of the
microwave magnetic field inside the TE011 cavity, which
is the appropriate geometry to study minute changes in
the conductivity33. The alternating microwave magnetic
field induces eddy currents in the sample, which causes a
change in the microwave loss and shifts the resonator fre-
quency. The Q-factor of the cavity is measured via rapid
frequency sweeps near the resonance. A fit to the ob-
tained resonance curve yields the position, f , and width,
Γf , of the resonance. Q is afterwards obtained from its
definition Q = f/Γf . This value has to be corrected with
the unloaded Q factor of the cavity, thus the loss caused
by the inserted sample is:
∆
(
1
2Q
)
=
1
2Q
− 1
2Q0
, (1)
where Q0 is the Q-factor of the unloaded cavity.
Since the FLG material is known to have low conduc-
tivity compared to metals, theQ ∼ % relation is used32,34,
where % is the resistivity of the sample.
Room temperature ESR measurements were per-
formed after each doping step. The measurements were
performed on a Bruker Elexsys E500 X-band spectrome-
ter, without opening the sample ampoules. The spectral
parameters (intensity and line width) of each signal com-
ponent are determined by fitting (derivative) Lorentzian
and Dysonian curves35, as is customary in the ESR lit-
erature.
III. IN SITU MICROWAVE CONDUCTIVITY
MEASUREMENTS
Microwave conductivity results measured on the sam-
ple labeled as ”in situ #1” are presented in Fig. 1.
The undoped material exhibit a flat, semi-conducting
characteristic, reproducing our earlier results in Ref.28.
This behavior is due to the low amount of mobile charge
carriers present in the material; most of the conduct-
ing electrons are thermally excited. The diffusion of the
potassium atoms becomes dominant above 175 ◦C and
causes a gradual upturn in each curve. The increased
conductivity is a clear sign that the material becomes
intercalated and the few-layer graphene accommodates
the potassium ions and its electron is donated to the
host material. After each step, the ampoule was pulled
out from the setup and it was ensured that no metal-
lic potassium was left on the inner wall of the quartz
tube. Then an ESR measurement was performed (next
section). The doping proceeds through several steps with
monotonously increasing conductivity. In the final step,
we observe an overall increase of the conductivity by a
factor of 7.3 at room temperature. Even though the re-
sistivity of the final product is about one order smaller
compared to the starting material it still presents a semi-
conducting behavior. This is either due to an incomplete
charge transfer (in several cases vapor-phase intercalation
cannot reach very high doping, see e.g. potassium doped
single-walled carbon nanotubes36), or the simple relation
of Q ∼ % does not hold anymore. The latter can occur if
the flakes develop electronic contacts among each other
and the whole sample starts to behave as a bulk metal
instead of a loosely packed powder. In this scenario, the
microwaves can only penetrate to a finite depth due to the
skin effect causing Q ∼ √σ, which would yield a metallic
behavior34. Unfortunately, investigating such a turnover
is beyond the scope of the present manuscript. Further-
more, this effect can also be caused by the freezing-out
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FIG. 1. Microwave conductivity data normalized to the value
of the undoped sample taken at room temperature. Upon
potassium exposure, the conductivity increases in each step.
In the first 5 steps the ampoule was heated up to 200 ◦C then
cooled down to room temperature, while in the latter steps the
sample was kept at 200 ◦C for 30 minutes. Note the gradual
increase in the conductivity; after the final doping step, the
value is increased by a factor of about 7.3. The lower noise
starting from step 8 is due to the increased number of averages
for each measurement point.
of the diffusing potassium atoms as the temperature is
lowered.
IV. SPIN PROPERTIES
ESR spectra of the undoped material and after the 1st,
4th, 7th, and 16th doping steps are presented in Fig. 2.
The undoped material exhibits two symmetric
Lorentzian peaks, as noted earlier20,28. The presence of
these signals is due to the remaining solvent, dangling
bonds, or other localized lattice defects. Even after the
first intercalation step, two, different Dysonian features35
appear with a gradually higher intensity. The presence
of such a line shape is an indication for the appearance of
Step 16
Step 7
Step 4
Undoped
ES
R 
In
te
ns
ity
 (a
rb
. u
.)
Magnetic field (mT)
K
   e x p o s u r e
Step 1
´5
FIG. 2. X-band ESR spectra of the undoped material and
after the 1st, 4th, 7th, and 16th doping steps. The undoped
FLG has two, symmetric components due to the presence of
localized defects, as seen before20,28. After potassium inter-
calation, two, different asymmetric lines appear. These lines
are identified as Dysonians35 as an indication of the presence
of conducting electrons. The intensity and the asymmetry
of the Dysonians develop monotonously with the amount of
alkali in the material.
new, conducting electrons in the system. The asymmetry
and the intensity of the Dysonians grow with the amount
of alkali in the system. Previously, in the Li-doped FLG
system, we also observed two Dysonians, however, the
sodium system only exhibits a single Pauli-type signal20
as Na cannot penetrate into graphite, it only interca-
lates the monolayer flakes. Here, similarly to the lithium-
doped FLG system, the two lines can be correlated to the
simultaneous presence of flakes with single-layer together
with multilayer flakes.
4A. Increased number of charge carriers as seen by
ESR
The ESR intensities found by fitting the two signals
are presented in Fig. 3. The intensity of the narrow
signal is multiplied by 10 to be scaled with the broader
component.
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FIG. 3. Fitted intensities of the observed ESR lines as a
function of the doping steps for the sample labeled as ”in
situ #1”. The values of the narrow line are multiplied by
10 to be scaled with the broader component. Please note the
gradual increase for both spin species, the broader component
is amplified by a factor of about 8, while the narrow is by 5,
compared to the 1st step. The dashed arrows are denoting
the general trends observed in the material.
The intensity, which is directly proportional to the
spin-susceptibility, of both Dysonian components, in-
creases with the amount of potassium. This indicates
that after each intercalation step more and more charge is
transferred to the FLG host. The intensity of the broader
component is grown by a factor 8, while the narrow com-
ponent is increased by a factor of about 5 compared to
the 1st doping step. Surprisingly, the narrow signal seems
to saturate after the 10th step which is probably related
to the special, mixed structure of the material (simulta-
neous presence of single- and multilayers).
B. Tuning spin properties
The evolution of ESR line widths is depicted in Figs.
4 and 5 for the broad and narrow component, respec-
tively. The scaled doping level is obtained by arranging
the widths of the broader component. The values are
not interchanged, only shifted to achieve an increasing
order among the different samples. This can be done
since the line width is unaffected by the variations in
the sample masses and geometry. As the charge trans-
fer is a monotonous function of the doping steps carried
out, as concluded from the conductivity data, the same
monotonous fashion is assumed for the line width of the
broader component. This is also confirmed by stand-
alone experiments that show this behavior. The breadth
of the narrow component is treated together with the
broad line and thus sorted accordingly.
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FIG. 4. ESR line width of the broader component as a func-
tion of scaled doping level. As the number of mobile charge
carriers is increased the line width is gradually increased and
the spin relaxation time is reduced. The dashed arrow is de-
noting the general trend observed in the material.
5The breadth of the broader component is increasing
with the amount of charge present in the system. The
corresponding spin relaxation time in the first few steps
is about 3.5 ns and it goes down to 1.2 ns. The ob-
served values are smaller compared to Stage-I, II, and
III compounds formed with potassium in graphite37,38.
However, the origin of this behavior is yet unclear.
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FIG. 5. ESR line width of the narrower component as a func-
tion of scaled doping level. This component does not seem
to show any trend with the doping steps. Instead, it settles
around the value of 0.5 mT (dashed grey line). This yields a
spin relaxation time of 12 ns on average.
The width of the narrow line does not develop signif-
icantly upon potassium intercalation. In stark contrast,
it settles around the value of 0.5 mT after the first step.
The calculated spin relaxation value is 12(1) ns. Com-
pared to graphite intercalation compounds (GICs) this
value is close to the 13 ns observed in the Stage-III potas-
sium compound38. However, a Stage-III material would
not exist through all the doping steps.
V. SUMMARY
The present work presents in situ conductivity mea-
surements upon potassium intercalation. The evolution
of resistivity is followed thoroughly and we found that it
is lowered by a factor of 7.3 compared to the undoped
material at room temperature. After each doping step
an ESR experiment is performed, where two Dysonian
lines are identified in the doped material. The increased
amount of charge carriers is noted, as suggested by the
increase of the intensity. The width of the broader line
monotonously increases with each doping step going from
16 mT up to 48 mT in the final step. Contrary, the
narrow component has a fixed width of 0.5 mT, which
does not change with the amount of potassium present
in the system. The calculated spin relaxation time for
this component is around 12 ns, which supposed to be
large enough for spintronics applications.
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